Abstract During the operation of nuclear waste disposal facilities, some sprayed concrete reinforced underground spaces will be in use for approximately 100 years. During this time of use, the local stress regime will be altered by the radioactive decay heat. The change in the stress state will impose high demands on sprayed concrete, as it may suffer stress damage or lose its adhesion to the rock surface. It is also unclear what kind of support pressure the sprayed concrete layer will apply to the rock. To investigate this, an in situ experiment is planned in the ONKALO underground rock characterization facility at Olkiluoto, Finland. A vertical experimental hole will be concreted, and the surrounding rock mass will be instrumented with heat sources, in order to simulate an increase in the surrounding stress field. The experiment is instrumented with an acoustic emission system for the observation of rock failure and temperature, as well as strain gauges to observe the thermo-mechanical interactive behaviour of the concrete and rock at several levels, in both rock and concrete. A thermo-mechanical fracture mechanics study is necessary for the prediction of the damage before the experiment, in order to plan the experiment and instrumentation, and for generating a proper prediction/outcome study due to the special nature of the in situ experiment. The prediction of acoustic emission patterns is made by Fracod 2D and the model later compared to the actual observed acoustic emissions. The fracture mechanics model will be compared to a COMSOL Multiphysics 3D model to study the geometrical effects along the hole axis.
Introduction
During the operation of the Olkiluoto nuclear waste disposal facility, some sprayed concrete (shotcrete) reinforced underground spaces, such as shafts, will be in use for approximately 100 years, as the disposal operations will last until approximately 2120 (Saanio et al. 2013) . The mechanical stability of sprayed concrete for a 100-year lifetime has not been fully studied, especially in conditions where the stress state is changed by nuclear waste disposal. The change in the stress state will impose high demands on the sprayed concrete reinforcement layer. It is possible that the sprayed concrete may suffer stress damage or lose its adhesion to the rock surface. It is unclear what kind of support pressure the sprayed concrete will apply to the rock, and what will happen at the rock surface if the adhesion is lost.
The radioactive decay will continue throughout the whole operational time of the repository (Saanio et al. 2013) . The decay heat production of the disposed canisters will be controlled to prevent thermal stress damage of the rock (Saanio et al. 2013) . The deposition holes are filled with compressed blocks made from bentonite clay (buffer), and gaps between blocks and the rock surface will be filled with bentonite pellets (Juvankoski 2013) . The purpose of the bentonite buffer and pellets is to ''support the deposition hole with its counter-pressure'' (Juvankoski 2013) . The deposition tunnels will be filled with backfill material, which is required to have sufficient swelling pressure to contribute to the stability of the tunnels . The maximum temperature of the bentonite buffer is limited to ?100°C (Ikonen and Raiko 2012) .
The effect of support pressure in preventing rock spalling has been tested in situ by the Swedish Nuclear Fuel and Waste Management Company (SKB), and the tests have proved that the range of support pressure of 10-20 kPa by LECA pellet filling of a 0.5-m-diameter experimental hole will prevent spalling (Glamheden et al. 2010) . Hakala et al. (2008) modelled the effect of buffer and backfill swelling pressure on the deposition hole and deposition tunnel, establishing that a swelling pressure on the order of megapascals would be needed in order to prevent spalling. However, the support pressure caused by sprayed concrete and the mechanical behaviour of sprayed concrete have not been studied in the nuclear waste disposal context.
The behaviour of sprayed concrete has been studied and modelled, for example, by Usman and Galler (2013) , but usually with much larger sprayed concrete thicknesses. Usman and Galler modelled the long-term deterioration of a 200-mm-thick sprayed concrete layer caused by ''deterioration in the mechanical characteristics and aging of the rock'' (Usman and Galler 2013) . The rock type was marl, with very different mechanical behaviour compared to the hard crystalline rock of Olkiluoto. The pegmatitic granite and veined gneiss rocks at Olkiluoto in Finland are stiffer and more brittle, where typically sprayed concrete thicknesses of between 40 and 100 mm are sufficient to withstand the excavation-induced and sub-critical deformations, as well as supporting the loads caused by free wedges. Due to different sprayed concrete thicknesses and rock deformation behaviour, the methods usually applied for Alpine rocks are not usable in the hard crystalline rocks under consideration.
Although there are no published research data available for making conclusions, it can be reasonably assumed that, during the operation time, the local stress regime in the farfield region is significantly changed by the decay heat caused by the nuclear waste. The effects of a 4°C temperature increase at a depth of 415 m in a circular shaft was modelled and reported by Uotinen et al. (2013) . The 4°C increase is assumed after 120 years of operation in the central area of the technical rooms of the ONKALO underground facility, and it corresponds to an approximately 2-MPa increase of hydrostatic in situ stress. The maximum increase of tangential stresses in sprayed concrete is 3.65 MPa (Uotinen et al. 2013 ).
In Situ Concrete Spalling Experiment (ICSE)
To investigate the behaviour of concrete in changed stress conditions, an in situ concrete spalling experiment (ICSE) is planned in the ONKALO underground rock characterization facility, Olkiluoto, Finland (Fig. 1) . A vertical experimental hole, designated ONK-EH3 (Ø = 1.5 m, l = 7.2 m), will be concreted from the hole level -3 m to its base, and the rock mass surrounding the experimental hole will be instrumented with eight vertical heat sources in order to simulate the increasing stress field due to decay heat. The experiment will simulate the shafts, which may be reinforced using concrete. In the experiment, concrete casting is used instead of sprayed concreting, which is impractical to execute in the reasonably narrow experimental hole.
The upper part of the experimental hole consists mainly of pegmatitic granite, with a veined gneiss inclusion located at the lower part. In previous experiments, the gneiss inclusion has been observed to be more vulnerable in terms of visible damage, compared to the granitic component. In the planned experiment, the surroundings of the experimental hole are instrumented with an acoustic emission system to observe the rock failure during the experiment, with temperature and strain gauges to observe the thermo-mechanical behaviour between concrete and rock at several levels in both the rock and sprayed concrete.
A thermal fracture mechanics study is necessary for the prediction of the damage before the experiment, in order to plan the experiment and instrumentation, and for the implementation of a proper prediction/outcome study due to the special nature of this in situ experiment. Predictions developed for the pegmatitic and gneiss sections are presented in this article, together with comparative models without concrete, for studying the effect of the concrete support pressure. The prediction of acoustic emission Experimental area Fig. 1 Experimental area in the ONKALO underground facility patterns is made using the computer program Fracod 2D, and the results will be compared to the actual observed acoustic emissions. The results obtained from the Fracod 2D fracture mechanics model are compared to the COM-SOL Multiphysics 3D model, based on the finite element method (FEM), in order to study the geometrical effects along the hole axis.
Experimental Hole ONK-EH3
During 2013, the third phase of Posiva's Olkiluoto Spalling Experiment (POSE) was executed in experimental hole ONK-EH3. In that experiment, a hole was heated from inside to induce spalling as stresses increase around the hole perimeter. The execution and outcome of the experiment are described in detail in a working report by Valli et al. (2014) . Before the spalling experiment, several fractures initiated in the veined gneiss after 1 year, caused by the boring of the experimental hole, implying time-depended rock damage.
The damage caused in the spalling experiment to the experimental hole was visually minimal, with the main damage located in the veined gneisses. The pegmatitic granite remained visually intact, both before and during the spalling experiment. However, several acoustic emissions were observed from the pegmatitic granite, and there are indications of porosity increase (Valli et al. 2014) . During the spalling experiment, the fractures (Fig. 2) in the veined gneiss propagated further; however, no spalling was observed. After the experiment, the hole was scaled to establish the damage depth. The geology of the experimental hole with scaled damage areas in grey are sketched in Fig. 3 , based on the 3D photogrammetric model shown in Fig. 4 .
Theory
Fracod 5.0 is based on the displacement discontinuity (DD) method (Shen and Stephansson 1993) . The basic theory behind the fracture mechanics code Fracod is further discussed in this section.
Fracture Propagation and Initiation
A modified G-criterion, namely, the F-criterion introduced by Shen and Stephansson (1993) , is used as the fracture propagation criterion in Fracod. The F-criterion enables the use of mixed-mode fracture propagation (Shen et al. 2014 ). The F-criterion for an arbitrary direction is formulated by the following equation (Shen et al. 2014 ):
where h is the arbitrary direction, G I and G II are the strain energy release rates in modes I and II, respectively, and G IC and G IIC are the critical strain energy release rates in modes I and II, respectively. The use of an arbitrary direction in the equation enables the simulation of anisotropic rock masses. Critical values can be calculated as a function of the arbitrary direction, and fractures propagate in the most critical direction (Shen et al. 2014) . In terms of fracture intensity and anisotropy, the F-criterion can be formulated as Shen et al. 2014) :
where K I and K II are the stress intensity factors in modes I and II, respectively, and K IC and K IIC are the corresponding fracture toughness values. The fracture initiation in Fracod is determined by the Mohr-Coulomb failure criterion, with a similar concept utilising direction-dependent strength functions to adapt to the rock anisotropy (Shen et al. 2014) .
The acoustic emission events are predicted using data from fracture propagation and fracture slip. The acoustic emission events can be predicted from location magnitude -6.0 M L ; however, with the acoustic emission system installed around the experimental hole, the lowest magnitude that can be recorded is -2.4 M L (Reyes-Montes et al. 2014).
Thermo-Mechanical Coupling
The constitutive thermo-elastic equations on which Fracod 2D is based can be found, for example, from the works of Timoshenko and Goodier (1970) . The thermo-elasticity is divided into constitutive equations for deviatoric and volumetric responses, of which the latter contains the thermal coupling terms. The thermal coupling is implemented using an indirect method, which uses fictitious heat sources (Shen et al. 2014) . The indirect method suits well the DD method used within Fracod 2D. The coupling is implemented so that the thermal solution is calculated before the mechanical equations. The thermal stresses are calculated for each boundary element and added to boundary stresses. Finally, the stresses and displacements are calculated for the internal points, with added thermal stresses and displacements. Reinhardt et al. (1997) conducted a number of laboratory tests for high-strength concrete (f c = 85 MPa), where they concluded that K IC is about one-fifth of K IIC . This conclusion agrees well with the numerical and experimental studies of Davies (1988) , where he reported the K IIC values to be between 1.8 and 2.0 MPa m -0.5 , and that the K IIC values were around seven times higher than the K IC values ranging from 0.27 to 1.30 MPa m -0.5 reported by Swamy (1979) . To combine these two observations, the following equation for the relation between K IC and K IIC in concrete can be derived:
Fracture Toughness Values for Concrete
where K IC and K IIC are the mode I and II fracture toughness values, respectively. Reinhardt et al. (1997) reported the relation between the average uniaxial compressive strength and the mode II fracture toughness K IIC to be approximated according to the following equation for concrete: where f c is the characteristic compressive strength of concrete in MPa and K IIC is in MPa m -0.5 .
Dimensional Reduction from the 3D to a 2D Problem
Fracod 2D is a plane strain software, which can be described as an infinite medium solver. The actual problem has one open surface (floor of the tunnel above) and one quasi-infinite direction (rock mass below) perpendicular to the horizontal calculation plane. Additionally, the tunnel above has an anisotropic geometry and introduces an additional error due to the orthotropic response, which cannot be incorporated into the 2D model. In the 2D calculation geometry, there is an infinitely long circular hole, which is concreted along its full length. In the true geometry, there is the tunnel above, which allows displacements and partial stress relaxation, and the sprayed concreting only covers from the -3 m level to the bottom of the hole. The tunnel above also has length, and along its length, it can allow displacements, the floor rises and modifies the surrounding rock mass thermal-induced stress response from a symmetrical one to a more orthotropic condition. The equivalent in situ stresses at the 2D modelling levels were calculated using Examine3D for both stress state interpretations. The problem is solved at the -3 and -5 m levels, which are deep enough to mitigate the problem of the above open surfaces, but not deep enough to remove it completely. To study the error magnitude of the 3D effect, the problem was also modelled in 3D by using COMSOL Multiphysics 4.4, and the results were compared to those obtained from Fracod 2D.
Materials and Methods
The geology of the investigation area consists of migmatitic gneisses with sub-horizontal pegmatitic veins. The foliation of the gneiss dips 52°in the direction of 175°, with pegmatitic inclusions following the same trend. The first 4.5 m of the experimental hole ONK-EH3 consists mainly of pegmatitic granite, with a minor veined gneiss intrusion at a 1-m depth on the eastern side of the hole (Fig. 4) . At the bottom of the hole, there is a significant veined gneiss intrusion, as can be seen in the panoramic geological map of the experimental hole in Fig. 3 . The gneiss intrusion is modelled with a discrete area, using the drillcore information at representative depths, with the notch that was scaled down after the third phase of the POSE. Two depths are modelled: the pegmatitic granite at depth -3 m with and without concrete in order to investigate the support effects (Fig. 5a) , where the models are orientated perpendicular to the principal stress directions; and a model at approximately -5 m depth, with two lithological units (Fig. 5b) , where the models are orientated perpendicular to the cardinal directions. All models are run with two rock stress interpretations, creating, in total, six fracture mechanics models.
Rock Stress
In the vicinity of the POSE niche, there are two different in situ stress state interpretations available, both based on LVDT-cell measurements. The earlier interpretation is from the access tunnel (VT1) at chainage 3,620 m and from the experimental niche before the excavation was enlarged to the full width of the final niche (at the time, the niche was named the EDZ niche). This interpretation is referred as the EDZ and VT1 interpretation, and it resulted in 166°for the maximum principal stress direction. The latest prediction is based on LVDT-cell stress measurements conducted in the same experimental hole (ONK-EH3), where the concrete spalling experiment is planned to be executed. This interpretation is referred to as the ONK-EH3 interpretation, and it resulted in 120°for the maximum principal stress direction. The maximum principal stress around the experimental hole for the EDZ and VT1 interpretation is between 39 and 53 MPa (Fig. 6a) . For the ONK-EH3 stress interpretation, the maximum principal stress around the experimental hole is between 21 and 59 MPa (Fig. 6b) . These two stress interpretations are reported and explained in detail in Hakala and Valli (2013) and Valli et al. (2014) .
In the 2D fracture mechanics prediction, the stress state below the tunnel floor must be calculated as an input parameter, because the 2D model in the horizontal plane cannot take into account the tunnel geometry above affecting the secondary stress field around the tunnel. Two stress states were used in this study: the situation below the tunnel floor including the in situ stresses and tunnel effects at a depth of -3 m, calculated by Siren (2011) for the EDZ and VT1 interpretation and Uotinen et al. (2013) for the ONK-EH3 interpretation. The stress state for the -5 m depth is adopted from Hakala and Valli (2013) . The secondary stress parameters are presented in Table 1 ; these are transformed to plane stresses expressed via r xx , r yy and s xy (see Table 2 ) to fit the perpendicular co-ordinate system of the models at -5 m depth. The in situ stresses are not assigned to the concrete layer.
The rock stress is increased using eight heaters placed in boreholes in the rock mass. The heating pattern in Fig. 7 is used in the modelling. In fracture mechanics, the heating is modelled in 3-week steps, where the heating power from point sources in each time step is an average of the input values at the beginning and end of the time step. The boreholes where heating elements are installed are not modelled; the heat source is a point source within the rock mass. In the 2D model, a 5 % heat flux from the concrete or rock surface in the middle of the model is applied for realism to model the heat loss upwards via the hole. For fractures, a zero heat flux is assumed, as no water flow has been observed in the experimental hole. In the 3D model, no heat flux is applied, and the top surface is ideally insulated.
Rock Properties
The parameters used for the rock mass (Table 3) were similar to those used in the thermo-mechanics prediction for the third phase of the POSE by Hakala and Valli (2013) in Table 3 , complemented with data from various sources (Posiva 2012; Kukkonen et al. 2011; EN 1992 EN -1-1 2004 SRMK C4 2003; Neville 1995) . The parameters required for the fracture mechanics prediction are presented in Table 4 , obtained mostly from the work of Siren (2011 Siren ( , 2012 . In the upper parts of the experimental hole, the rock mass is assumed to be homogeneous, isotropic and linearly elastic pegmatitic granite, and the lower parts a combination of pegmatitic granite and homogeneous, anisotropic and linearly elastic veined gneiss (Fig. 5) . No laboratory testing was available for obtaining the fracture mechanics parameters of the sprayed concrete; therefore, literature references were used to determine the parameters described in the previous section. The initial temperature of the rock is expected to be 18°C, after the third phase of the POSE, in which the rock mass is expected to be heavily disturbed by the heating during the experiment. The mean Poisson's ratio for pegmatitic granite is 0.29 and that for gneiss is 0.25, as reported by Posiva (2012). These ratios are used in the models at -5 m depth to generate differences between the two lithological units. However, for the models at -3 m depth, a Poisson's ratio of 0.25 is used, as this is a mean value of the larger data set of 109 samples tested in veined gneiss and only 13 samples tested in pegmatitic granite. The elastic modulus for granites and gneisses is 60 GPa, but a lower 53 GPa value is used in modelling to fit the conditions for the rock already damaged by the third phase of the POSE heating experiment. 53 GPa was also used by Hakala and Valli (2013) in the 3D thermo-mechanical simulation of the third phase of the POSE.
Concrete Support Pressure
The SKB has investigated the effect of support pressure in preventing rock spalling. Trials by the SKB suggest that even a range of 10-20 kPa support pressure by LECA pellet filling of a 0.5-m-diameter experimental hole will prevent spalling (Glamheden et al. 2010) . The ability to generate support pressure via concrete will be studied in RM rock mass property (estimated or mean), PGR pegmatitic granite property, VGN veined gneiss property * Insufficient number of data (n = 13) a Hakala and Valli (2013) b Posiva (2012) c Kukkonen et al. (2011) d EN 1992-1-1 (2004) e Based on quality assurance tests f Neville (1995) g SRMK C4 (2003) Siren (2011 Siren ( , 2012 b Assumed after Posiva (2012) c EN 1992-1-1 (2004) d Using Eq. (1) derived after Davies (1988) and Reinhardt et al. (1997) e Calculated after the relation by Reinhardt et al. (1997) the ICSE and, so, the predictive fracture mechanics models are calculated without the concrete layer.
Concrete Material Properties
Concrete is a brittle material with a high compressive strength to tensile strength ratio. Concrete surrounding the circular hole will be completely under compression, and the relevant failure mode is compression-induced shear failure. The vicinity of the open surface causes the lowest principal stress to be zero, or small compared to the largest principal stress. By setting the confining stress to zero, and using the characteristic uniaxial compressive strength (f ck ) of concrete, we can easily obtain the tensile strength as half of the f ck value. For better numerical stability, the friction angle was set to a small value of 1°instead of zero. These assumptions are only valid for failure initiation of the thin concrete layers near open surfaces. For mechanical parameters (characteristic uniaxial compressive strength, tensile strength, elastic modulus and Poisson's ratio), the Eurocode 1992-1-1 values for C35-3/45-1 concrete strength grade were used. For thermal properties, the density was based on quality assurance tests of reinforcement concrete used in the ONKALO facility. Thermal capacity, thermal conductivity and linear thermal expansion direct measurements were not available; therefore, literature values for concrete were used instead. As the mass of the sprayed concrete structure is small compared to the surrounding rock mass, the density, capacity and conductivity have little significance for the modelling results. However, the thermal expansion is the coupling factor between the thermal and mechanical models, and directly influences the stresses. As the thermal expansion factors for concrete and pegmatitic granite and veined gneiss rocks are close to each other, the mechanical coupling effect is much more significant. The ratio of the elastic moduli is 1:1.56 for concrete to rock.
Results
The models at -3 m depth are run using a special version of Fracod 5.0, slightly restricting tensile fracture displacements to enhance numerical stability during the final heating stages. The models at -5 m depth did not suffer problems with loose blocks; therefore, the normal version of Fracod 5.0 could be used.
Temperature
The heating scheme is identical in all 2D models. The temperature distribution range is from 24 to 81°C after the first 3 weeks, 36-129°C after 6 weeks and 20-179°C after 9 weeks (Fig. 8) . The maximum temperature at heat sources is 179°C; however, at a few centimetres from heat sources in the borehole wall, the temperature decreases to about 160°C. The temperature at the experimental hole wall is 58, 95 and 134°C after 3, 6 and 9 weeks of heating, respectively. The 6-weeks value roughly corresponds to the designed maximum temperature of 100°C for the bentonite buffer that is also the maximum temperature of the disposal hole. In the 3D model, the temperatures (Fig. 9 ) match well with the fracture mechanics 2D prediction. The 3D model temperature patterns also agree well with the fracture mechanics 2D prediction.
Fracture Initiation and Propagation
The two stress interpretations produce similarly shaped fracture patterns, with respect to the principal stress directions. The principal stresses grow significantly between 6 and 9 weeks of heating (Fig. 10) . The stresses in the fracture mechanics code become locally extremely high after the concrete failure, and these high stresses are not described in this paper because of the fracture tip interaction within the complex fracture geometry. Therefore, in In the predictions from -3 m depth without concrete support, the fracturing initiates at the rock surface (upper rows in Figs. 11 and 12 ) in the first 3 weeks of heating, and expands later behind the rock surface-first in the direction of the minor principal stress, then all around the experimental hole, finally forming a butterfly-shaped failure zone.
The concrete layer suffers a shear failure (lower rows in Figs. 11 and 12 ) in the first 3 weeks of heating. In the ONK-EH3 stress state, the failure progresses to the rock surface already after 3 weeks of heating, and the failure zone is large after 9 weeks of heating with local 5-mm displacements; this is in contrast to the EDZ and VT1 stress interpretation, in which only minor fracture propagation was predicted to occur just after 9 weeks of heating. The concrete fails slightly, only to the minor principal stress direction with the EDZ and VT1 stress interpretation, and the concrete structure remains coherent, whereas the failure covers all directions in the ONK-EH3 stress interpretation, along with lost structural integrity.
The models from -5 m depth (Fig. 5b) , with one isotropic and one anisotropic rock, are numerically challenging to compute, and computing times even reached up to the order of weeks. The models became numerically unstable after 3 or 6 weeks of heating, due to the recursive nature of fracture mechanics, as the fractures started forming complicated spiral type patterns, which increased the maximum compressive and tensile stresses to unrealistic levels, the maximum being over 1e?16 MPa. Therefore, the results presented in Fig. 13 must be interpreted cautiously.
In the ONK-EH3 stress interpretation, the fracturing starts in all directions in pegmatitic granite, and in the   180   160  140  120  100  80  60  40  20 After 3 weeks After 6 weeks After 9 weeks ºC veined gneiss in the direction of foliation from the sharp angle of the scaled notch. In the EDZ and VT1 stress interpretation, less fracturing is observed in veined gneiss. In both models, the failure concentrates in pegmatitic granite, with only minor concrete failure.
Concrete Support Pressure
From the results (Figs. 11, 12 ), it can be observed that the concrete clearly suppresses the rock damage. The predicted support pressure of concrete between weeks 3 and 6 using Weeks 0-3 After 3 weeks Weeks 3-6 After 6 weeks After 9 weeks Unsupported Concreted σ3 σ1 σ3 σ1 Fracod 2D ranges from 1.3 MPa to a maximum of 2.4 MPa, in regions where the concrete is intact (Table 5 ). After 9 weeks of heating, the fracture mechanics prediction shows 3.0 MPa support pressure. The COMSOL 3D model shows support pressures ranging from 2.6 to 3.1 MPa at the -3 m level, after 9 weeks of heating (Fig. 14) .
Acoustic Emissions
The predicted acoustic emission patterns for different calculation cases are presented in Fig. 15 . Due to the large number of calculation cases, the ONK-EH3 case at -3 m depth is selected for acoustic emission results interpretation. In total, 15,288 and 5,569 local seismic magnitudes of -2.4 M L or larger acoustic emission events are predicted for unsupported and supported ONK-EH3 cases at -3 m depth, respectively (Fig. 16 ). Below -2.4 M L , events are probably too low to be recorded during the in situ experiment, based on the experience of Reyes-Montes et al. (2014) in the ONKALO facility. The spatial distribution and number of acoustic emissions are comparable between the two stress scenarios, but according to Rinne et al. (2003) , it is not reasonable to compare the predicted acoustic emission magnitudes with the measured magnitudes, since the element size used is significantly larger than the rock grain size. During 3 weeks of heating, the tangential stresses near the rock surface are for the unsupported case 58 MPa and for the supported case 31 MPa, compared to the tangential stress 68 MPa without fracture growth enabled (elastic model). During the following weeks of the experiment, the fracture growth causes anomalous stress distributions behind the rock surface, with locally high tangential (locally over 170 MPa) and tensile stresses. In locations where loose rock exists, the stresses are unrealistic and, therefore, discarded; however, loose rock enlarges the effective hole radius, increasing tangential stresses during the later stages of the experiment and increasing the tangential stresses compared to the elastic model. The concrete provides support pressure, which can also be seen in the number of acoustic emission events, as the total number of acoustic emission events for the supported case is only 30 % of the unsupported case. The concrete failure after 6 weeks of heating almost triples the tangential stress (Fig. 16 ).
In the supported case, the events are slightly more evenly distributed between intervals, their percentages being 4, 16, 22, 24 and 34 % (Fig. 17a) , compared to the unsupported case percentages of 7, 18, 18, 20 and 36 % (Fig. 17b) , which has slightly more higher magnitude events, and the number of accumulated acoustic emission events showing increased damage progression after 9 weeks of heating. The number of acoustic emission events increases to 28 % during the last 3 weeks of heating in the unsupported case.
Displacements
The displacement upward, towards the open surface, asymptotes at 9 weeks to 1.9 mm in the 3D model. In the 2D model, this displacement cannot take place, and is converted into stresses instead. The 2D model is a conservative upper bound estimator for the in situ experiment. However, the shafts are long structures and the plane strain assumption is valid for them.
The maximum in-plane displacement in the 2D model is 7.4 mm in the concrete supported case with the ONK-EH3 stress state. The maximum displacement is located in the partial concrete failure. In the case of the EDZ and VT1 stress estimation, the concrete stays fairly intact and the maximum displacement reaches 1.6 mm. In the unsupported ONK-EH3 case, large loose 200-mm-thick blocks and, in the EDZ and VT1 case, several 20-50-mm-thick blocks are formed after 6 weeks (Fig. 18) .
Conclusions
The results from the Fracod 2D and COMSOL 3D programs agree well, especially in the case of predicted temperatures, which will be higher in the experiment than that expected during the operation of the spent nuclear fuel repository. Due to the high temperatures, the predictions suggest significant fracture growth, resulting in concrete and rock damage. Fracod 2D suggests that the concrete will fail before the rock, with the first failure occurring after 3 weeks of heating. The concrete layer provides significant support pressure up to 3 MPa, which is predicted to suppress the rock failure significantly. However, it is unclear what effect the loss of adhesion at the concrete-rock interface will have. During the experiment, it will be monitored whether the support pressure is enough to retain the damaged rock. Models at -5 m depth suffer from the complexity created by three different materials in the models, as well as the complex geometry. The thin concrete layer would require the use of extremely small element sizes, which, combined with the complex geometry and material models, is computationally unobtainable. The concrete parameters will be tested during the execution of the ICSE, which will give more confidence in terms of the modelling of thin concrete layers, as well as the results from the actual in situ experiment.
In the EDZ and VT1 model, the experimental hole is surrounded by a failure zone. The ONK-EH3 model without a concrete layer from the -3 m level produces a distinctive butterfly-shaped failure zone, which has been discussed earlier, for example, by Detournay and St. John (1988) and Martin et al. (1999) . Shen and Barton (1997) modelled failure in a jointed rock mass with the 2D distinct element code UDEC, and this also resulted in large butterfly-shaped failure zones. Often, these failures are not observed in tunnels, and are regarded as artefacts from numerical modelling. After Martin et al. (1999) , butterflyshaped failures require reasonably high stresses, as found at the Olkiluoto site. With the acoustic emission system installed around the experimental hole, it will be possible to monitor whether butterfly-shaped shear zones will propagate. 
